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A b s t r a c t  t e s t s  a r e  d e s c r i b e d .  
A su rvey  i s  p r e s e n t e d  of  v a r l o u s  ca thodes  
which have been developed and used i n  t h e  Raufman 
i o n  t h r u s t e r .  The electron-bombardment type  i o n  
s o u r c e  used i n  t h e  t h r u s t e r  1s b r l e f l y  d e s c r i b e d .  
The g e n e r a l  d e s i g n ,  o p e r a t i n g  c h a r a c t e r i s t i c s ,  and 
power requ i rements  a r e  shown f o r  each t y p e  of 
ca thode  from t h e  r e f r a c t o r y  meta l s  used i n  1960 t o  
t h e  plasma d i s c h a r g e  hol low ca thodes  of today.  
A d e t a i l e d  discussion of t h e  hol low ca thode  
is  given d e s c r i b i n g  s t a r t i n g  and c y c l l c  o p e r a t i n g  
c h a r a c t e r i s t i c s  a s  w e l l  a s  Fore  fundamental  des ign  
paramete rs .  T e s t s  t o  d a t e  show t h a t  t h e  plasma 
hol low ca thode  is  an e f f i c i e n t  e l e c t r o n  s o u r c e  
w i t h  demonstrated d u r a b i l i t y  over  10,000 hours  and 
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Plasma and i o n  s o u r c e s  have evolved from t h e  
imagina t ion  and i n g e n u i t y  of many r e s e a r c h e r s  i n  
plasma p h y s i c s .  The Penning d i s c h a r g e ,  t h e  duo- 
p lasmat rons ,  and numerous gaseous conduc tor  de- 
v i c e s  have l e d  t o  a  b e t t e r  unders tand ing  and p rac -  
' t i c a l  a p p l i c a t i o n  of plasmas.  
S i n c e  1958 t h e  NASA Lewis Research Center  has  
conducted r e s e a r c h  on plasma and i o n  p ropu ls ion  
f o r  space  a p p l i c a t i o n .  Analyses have shown t h a t  
t h r u s t  d e v i c e s  wi th  s p e c i f i c  impulses  i n  t h e  1000 
t o  5000 seconds range a r e  needed t o  accomplish 
v a r i o u s  space  m i s s i o n s .  The Kaufman i o n  t h r u s t e r  
i s  a  means of f u l f i l l i n g  t h i s  need.  
The h igh  s p e c i f i c  impulse - low t h r u s t  char-  
a c t e r i s t i c  of  t h e  Kaufman electron-bombardment i o n  
t h r u s t e r ,  however, n e c e s s i t a t e s  long t h r u s t i n g  
t imes  t o  g e n e r a t e  t h e  t o t a l  impulse r e q u i r e d  f o r  
most miss ions .  Long- l i fe  d u r a b i l i t y  and r e l i a -  
b i l i t y  of  t h r u s t e r  components, p a r t i c u l a r l y  t h e  
ca thode ,  were e a r l y  recognized  a s  pac ing  r e q u i r e -  
ments i n  t h e  t h r u s t e r  development program. 
Th is  paper  i s  a  su rvey  i n t o  t h e  e v o l u t i o n  and 
development of  ca thodes  f o r  t h e  Icaufman t h r u s t e r .  
It compares t h e  power requ i rements ,  performance 
c h a r a c t e r i s t i c s ,  and d u r a b i l i t y  of v a r i o u s  types  
and d e s i g n s  of ca thodes .  It d i s c u s s e s  t h e  p r e s e n t  
s t a t e  of  t h e  a r t  and mentions f u t u r e  requ i rements .  
The f o u r  major  t y p e s  of ca thodes  d i s c u s s e d  i n  
t h i s  paper  a r e :  (1) r e f r a c t o r y  m e t a l ,  ( 2 )  ox ide  
c o a t e d ,  (3)  l i q u i d  mercury,  and (4)  hol low. 
The h 0 l l o 5 ~  ca thode ,  whlcll shows t h e  g r e a t e s t  
promise f o r  d u r a b ~ l i t y  and v e r s a t i l i t y  i s  de- 
s c r i b e d  i n  more d e t a i l  than  t h e  o t h e r  t y p e s .  Re- 
c e n t  hol low ca thode  s t a r t i n g  and c y c l i c  o p e r a t i n g  
A cutaway s k e t c h  of  t h e  f i r s t  s i lccessf i i l  
Kaufman i o n  t h r u s t e r 1  used i n  1960 i s  shown i n  
f i g u r e  1. Although t h e  components have gone 
through e x t e n s i v e  developmental  programs, t h e  
b a s i c  o p e r a t i o n  of t h e  electron-5ombardment i o n  
s o u r c e  has  n o t  changed. Neut ra l  p r o p e l l a n t  atoms 
(most i n v e s t i g a t i o n s  a t  LeRC used mercury vapor )  
e n t e r  t h e  chamber through an o r i f i c e  and a r e  d i s -  
t r i b u t e d  i n  t h e  chamber. E l e c t r o n s  i j h i c ? ~  a r e  
e m i t t e d  from a  ca thode  p r o v i d e  t h e  means of i o n i -  
z ing  t h e  atoms. The e l e c t r o n s  a r e  a c c e l e r a t e d  
through a  p o t e n t i a l  (35-50 V )  and bombard neu- 
t r a l s  caus ing  i o n i z a t i o n  (10.4 eV f o r  mercury) .  
The i o n s  a r e  then  a c c e l e r a t e d  by means of a  
s c r e e n  and a c c e l e r a t o r  l o c a t e d  a t  t h e  downstream 
end of  t h e  chamber. 
The energ ized  e l e c t r o n s  from thc c a t - ~ o d e  
must be i n  abundance f o r  t h e  t h r u s t e r  t o  perform 
p r o p e r l y .  Superimposed on t h i s  ca thode  requr re -  
ment of a  s u f f i c i e n t  q u a n t i t y  of e l e c t r o n s ,  a r e  
long  l i f e t i m e ,  r e l i a b i l i t y  and low power con- 
sumption ( w a t t s  of  ca thode  h e a t e r  power pe r  am- 
p e r e  of  emiss ion  c u r r e n t  h e r e a f t e r  t o  be c a l l e a  
s p e c i f i c  h e a t i n g  power sometimes r e f e r r e d  t o  a s  
emiss ion  e f f i c i e n c y 2 ) .  
The i o n i z i n g  e l e c t r o n s  must c ~ l s o  have long  
t r a j e c t o r i e s  t o  efficiently I o n i z e  t h e  p rowel lan t .  
A  magnet ic  f i e l d  roughly  p a r a l l e l  t o  tile t h r u s t e r  
a x i s  i s  used t o  i n c r e a s e  t h e  p a t h  l e ~ g t l t  of p r r -  
mary e l e c t r o n s  i n  which e lec t ron-a tom ~ ~ ~ t e r a c -  
t i o n s  can occur .  A  uniform magnetrc  f l e i d  was rn-  
i t - ~ a l l y  used ;  however, i t  was deterrnlnea t h a t  a 
d i v e r g e n t  f i e l d  gave b e t t e r  r e s u l t s . 2  
A range  of  t h r u s t e r  s i z e s  from 5-cm t o  1.5-m 
diam have been s t u d i e d .  (Ref. 4  g i v e s  d e t a i l s  of 
t h e  1.5-m t h r u s t e r  d a t a . )  Table I slzows t h e  rcnge 
of emiss ion  c u r r e n t s  which vary  from 0 . 2  t o  1 9  A. 
r e q u i r e d  f o r  t h e  5-, 15-, and 30-cm t h r u s t e r s .  At 
t h e  p r e s e n t  t ime t h e  30-cm and t h e  5-cm diam 
t h r u s t e r s  a r e  be ing  e x t e n s i v e l y  develojicd. T l ~ e  
30-cm t h r u s t e r  i s  s u i t a b l e  f o r  pr imary propul-  
~ i o n . ~ ~ ~  The 5-cm t h r u s t e r  could be used f o r  a t -  
t i t u d e  c o n t r o l  and s t a t i o n  keeping d u t i e s  f o r  l o n g  
d u r a t i o n  g r e a t e r  than  2 y e a r s )  sa te ! . l i t e  
miss ions  .$.8 
The Kaufman t h r u s t e r  has  bee11 flovri twice  i n  
space .  The f i r s t  f l i g h t ,  SERT 1 (Space E l e c t r i c  
Rocket T e s t  I ) ,  was a  s u b o r b i t a l  t e s t  performed on 
a  10-cm diam t h r u s t e r  i n  1964.' The second f l i g h t  
(SERT 11) was an o r b i t a l  t e s t  of two 15-cm diam 
t h r u s t e r s . 1 0  SERT I1 was launched i n  1970 and had 
one t h r u s t e r  t h a t  opera ted  f o r  5 monLhs and 
Refrac to ry  Metal Cathodes 
- 
Tantalum Wires 
The ca thode  f i r s t  employed f o r  i o n  t h r u s t e r s  
c o n s i s t e d  of a  long  0.015-cm diam tan ta lum w i r e  
f i l a m e n t . 1  The w i r e  extended a c r o s s  t h e  i o n  cham- 
b e r  p e r p e n d i c u l a r  t o  t h e  t h r u s t e r  a x i s  (Fig.  1 )  o r  
a l o n g  t h e  a x i s  of  t h e  chamber on h e a v i e r  s u p p o r t  
rods .  Various f i l a m e n t  l e n g t h s  (6-9 cm) were 
t e s t e d .  These ca thodes  were easy  t o  make and i n -  
s t a l l  and gave r e p r o d u c i b l e  r e s u l t s .  However, 
t h e y  had a  h igh  s p e c i f i c  h e a t i n g  power c h a r a c t e r -  
i s t i c  (670 W/A) and because of e v a p o r a t i o n  and i o n  
s p u t t e r i n g  had a  s h o r t  l i f e t i m e  (100 hours )  .I1 
Tantalum Ribbon 
A v a r i a t i o n  from t h e  w i r e  ca thode  was t h e  
r i b b o n  f i l a m e n t .  Th i s  t y p e  of ca thode  (F ig .  2) 
had a  l a r g e  s u r f a c e  a r e a  (5.1 cm x 0.36 cm) w i t h  a  
s m a l l  c r o s s - s e c t i o n a l  a r e a  (0.005 cm t h i c k ) ,  which 
r e s u l t e d  i n  a  more f a v o r a b l e  s p e c i f i c  h e a t i n g  
power (average of  120 W/A). I t  was p o s i t i o n e d  a t  
t h e  c e n t e r  of t h e  d i s c h a r g e  chamber b a c k p l a t e  and 
was b e n t  i n t o  a  V shape  (F ig .  2 ) .  It was p o s s i b l e  
t o  o b t a i n  a  1500-hour l i f e t i m e  running t h e  
t h r u s t e r  a t  low p r o p e l l a n t  u t i l i z a t i o n  e f f i c i e n c y  
and low t h r u s t e r  power e f f i c i e n c y . 1 2  The lower 
t h r u s t e r  performance l e s s e n e d  t h e  i o n  bombardment 
s p u t t e r i n g  r a t e  of t h e  f i l a m e n t ,  which coupled 
w i t h  e v a p o r a t i o n  was t h e  maJor  pause of  e r o s i o n .  
Running a t  h i g h e r  e f f i c i e n c i e s  caused an o r d e r  of  
magnitude d e c r e a s e  i n  l i f e t i m e .  Th icker  f i l a m e n t s  
would extend t h e  l i f e  of  a  ca thode ,  b u t  t h i s  con- 
f i g u r a t i o n  would r e q u i r e  e x c e s s i v e  h e a t i n g  power. 
Oxide Coated Cathodes 
I n  o r d e r  t o  reduce  t h e  s p e c i f i c  h e a t i n g  
power, v a r i o u s  ca thode  d e s i g n s  u t i l i z i n g  ox ide  
c o a t i n g s  were ~ n v e s t i g a t e d .  It is  t h e o r i z e d  t h a t  
o x i d e s  of a l k a l i  m e t a l s  such a s  barium y i e l d  f r e e  
m e t a l  upon heat ing.2"3 F r e e  barium d i f f u s e d  o v e r  
a  the rmion ic  e m i t t e r  g r e a t l y  reduc ing  t h e  work 
f u n c t i o n ,  a l lowing  t h e  ca thode  t o  emlt  a t  lower 
t e m p e r a t u r e s  and reduc ing  t h e  s p e c i f i c  h e a t i n g  
power. 
Nicke l  Mat r ix  
One des ign  was t h e  o x i d e  impregnated n i c k e l  
m a t r i x  ca thode  (F ig .  3 ) .  By prov id ing  a  conf i g u r -  
a t i o n  t h a t  i s  t h i c k  enough ( s e v e r a l  m i l l i m e t e r s )  
t o  w i t h s t a n d  s p u t t e r i n g  e r o s i o n  and c o n t a i n i n g  
o x i d e  th roughout ,  l o n g  l i f e t i m e s  could b e  pos- 
s i b l e .  The m a t r i x  c o n s i s t e d  of 90 p e r c e n t  n i c k e l  
power and 1 0  p e r c e n t  by weight  mix ture  c o n t a i n i n g  
approximately 57 p e r c e n t  barium c a r b o n a t e ,  42 pe r -  
c e n t  s t r o n t i u m  c a r b o n a t e ,  and l e s s  t h a n  1 p e r c e n t  
of v a r i o u s  i m p u r i t i e s .  The average  p o r e  s i z e  was 
2 - 25 U. A t y p i c a l  s i z e  f o r  t h e  ca thode  des ign  
was 0.55 cm diam and 1 . 5  cm long.  A h e a t e r  em- 
bedded i n t o  t h e  m a t r i x  p rov ided  t h e  the rmal  energy  
r e q u i r e d  t o  decompose t h e  o x i d e .  The o p e r a t i n g  
t empera tu re  of t h e  o x i d e  was 1200° R ,  which i s  
c o n s i d e r a b l y  l e s s  than  240Q0 K t empera tu re  of tan-  
t a lum r i b b o n .  T'ne r e d u c t i o n  of o p e r a t i n g  tempera- 
t u r e  lowered t h e  s p e c i f i c  h e a t i n g  power t o  30 W/A. 
h c o n s t a n t  emiss ion  c u r r e n t  cou ld  n o t  bc main- 
t a i n e d  wi thou t  i n c r e a s i n g  t h e  h e a t e r  powor a s  
t h e  t e s t  proceeded.  Th is  a c t i o n  cventua1.ly lei: 
t o  h e a t e r  b u r n o u t s .  I t  was surmised t h a t  i o n  bom- 
bardment of condensed s p u l t e r e d  i n a t e r i a l s  on t h e  
ox ide  s u r f a c e  caused d e g r a d a t i o n  of t h e  e m t t t i n g  
ca thode ,  t h u s  r e q u i r i n g  progressively h i g h e r  s u r -  
f a c e  t empera tu res  .I4 The average  l i f e t i m e  of t h e  
n i c k e l  m a t r i x  ca thode  was 190 h o u r s ,  wl-iicii i s  too  
s h o r t  f o r  t h r u s t e r  a p p l i c a t i o n .  
Thick-Oxide Layer 
By i n c r e a s i n g  t h e  o x i d e  s u r f a c e  exposed t o  
t h e  chamber environment ,  t h e  l i f e t i m e  of: tile cath-  
ode could be  extended.  A  d e s i g n  which incorpor -  
a t e d  t h i s  i d e a  is  shown i n  f i g u r e  4 .  T h i s  concept  
i s  c a l l e d  t h e  th ick-ox ide- layer  ca thode .  I t  con- 
s i s t s  of  a hairpin-shaped t an ta lum r i b b o n  f i l a m e n t  
w i t h  0.007-cm diam t u n g s t e n  w i r e  wrapped around i t .  
The purpose  o f  t h e  w i r e  was t o  p rov ide  a  s u b s t r a t e  
on which t h e  o x i d e  l a y e r  can be  s e c u r e d ,  A barium 
carbonate-water  s l u r r y  was a p p l i e d  t o  t h e  metal1i.c 
s t r u c t u r e .  The s l u r r y  was a l lowed  t o  d r y  and r e -  
pea ted  a p p l i c a t i o n s  were made u n t i l  t h e  d e s i r e d  
t h i c k n e s s  and d e n s i t y  was o b t a i n e d .  The s p e c i f i c  
h e a t i n g  power of  t h i s  ca thode  was g r e a t l y  depend- 
e n t  on p r o p e l l a n t  f low and d i s t r i b u t i o n ,  However, 
an o p t i m i z a t i o n  program13 r e s u l t e d  i n  a  l i f e t i m e  
of 1000 hours  i n  a  s i m u l a t e d  t h r u s t e r  (no a c c e i e r -  
a t o r  g r i d )  a t  1 0  W/A and 615 hours  i n  a  10-cm dtam 
t h r u s t e r  (4 W/A). A phenomenon which csused t h e  
most damage t o  t h e  ca thode  was a r c i n g  from t h e  
ca thode  t o  anode. The a r c s  occur red  a t  random 
d u r i n g  t h e  t e s t s .  The o n s e t  of t h e s e  h i g h  c u r r e n t  
a r c s  damaged t h e  t h i c k - l a y e r  o x i d e  and caused t h e  
s p e c i f i c  h e a t i n g  power t o  i n c r e a s e ,  The r e s u i t i n g  
h i g h e r  s u r f a c e  t empera tu res  caused r a p i d  evapora- 
t i o n  o f  t h e  barium and e v e n t u a l  ca thode  f a i l u r e .  
A  second s e r i e s  of t e s t s  was a b l e  t o  e l i m i n a t e  t h e  
a r c i n g  problem by u s i n g  a  c u r r e n t  r e g u l a t e d  power 
supp ly  i n  t h e  d i s c h a r g e  c i r c u i t . 1 1  The maximm 
l i f e t i m e  achieved was 5000 hours  a t  1 0  W/A spe-  
c i f i c  h e a t i n g  power i n  a  s imula ted  t h r u s t e r ,  
S p u t t e r i n g  e r o s i o n  caused a ~ r a d u a i  a t t r i t i o n  
of t h e  ox ide  c o a t i n g  and a  p r o g r e s s i v e  i n c r e a s e  i n  
s p e c i f i c  h e a t i n g  power. Various b a f f l e s  and 
s h i e l d  s t r u c t u r e s  were t r i e d  i n  an a t t empt  t o  r e -  
duce i o n  bombardment of  t h e  ca thode  s u r f a c e .  1%e 
r e s u l t s  were g e n e r a l l y  u n s a t i s f a c t o r y  because 
cathode emiss ion  was s e r i o u s l y  impaired.  
Two d i sadvan tages  of  t h e  th rch-ox idc- layer  
ca thode  were: (1)  ca thode  emissron from h o t  s p o t s  
r a t h e r  than  from t h e  e n t i r e  cathode s u r f a c e  and,  
(2)  l a r g e  r a d i a l  the rmal  g r a d l e n t  wlt l - rn t h e  catl-i- 
ode which caused chemical  corrosion oT t h e  oger-  
h e a t e d  ca thode  s t r u c t u r e . 1 5  To ovcrcorne t h e s e  
limitations t h e  b rush  ca thode  was d e s l g n ~ d .  
Brush 
The b a s i c  o x i d e  b rush  cathode16 is  snoijn i n  
f i g u r e  5. Th is  ca thode  c o n s i s t s  of t l i ln  t u n g s t e n  
o r  t an ta lum w i r e  b r i s t l e s  (0.008-cm dlam) ex tend-  
i n g  r a d i a l l y  from h e a v i e r  t an ta lum w i r e s  (usua11y 
f o u r  w i t h  0.05-cm d i m )  l i k e  a  r a d i a l  w i r e  b rush .  
T y p i c a l  o v e r - a l l  dimensions a r e  1--cm drm and a 
range  of l e n g t h s  from 1 .2  cm f o r  a  5-cm diain 
t h r u s t e r  t o  10 cm f o r  a  20-cm t h r u s t e r .  Tantalum 
was used because  l t  possessed t h e  mechanical  
s t r e n g t h  necessa ry  a t  t h e  ca thode  operating tem- 
p e r a t u r e  of 1200' K .  The b rush  ca thodes  were a s -  
sembled and then  t h e  commercral ox ide  c o a t l n g  ap- 
p l i e d .  To a s s u r e  good cohesion a  p r e s s i n g  proc- 
e s s  was used.  A range of p r e s s u r e s  from 0 . 7 ~ 1 0 ~  
n t .  p e r  sq.m.  t o  l 8 x l 0 ~  n t .  p e r  s q .  m. (2x103 p s i  
t o  5 x 1 0 ~  p s i )  were a p p l i e d .  
I n i t i a l  t e s t s  gave good r e s u l t s  which showed 
t h a t  t h e  b rush  ca thode  had l i t t l e  a r c i n g  problems 
and had fewer h o t  s p o t  occur rences  than  t h e  t h i c k -  
o x i d e  l a y e r  cathode.  L i f e t i m e s  were ve ry  encour- 
a g i n g  rang ing  from 1250 hours  f o r  a  20-cm diam 
t h r u s t e r  ( s p e c i f i c  h e a t i n g  power of 20 VIA)  t o  
3900 hours  f o r  a  7.5-cm diam s imula ted  t h r u s t e r  
( s p e c i f i c  h e a t i n g  power of 15 WIA). Oxide l o s s e s  
due t o  ion-bombardment s p u t t e r i n g ,  normal evapor- 
a t i o n ,  and low v o l t a g e  a r c  damage were s m a l l .  
However, f u r t h e r  t e s t s  showed t h a t  chemical  a t t a c k  
of t h e  b r i s t l e  and c o r e  w i r e s  continued t o  be  a  
problem.11 A carbon a c t i v a t o r  (2-10% by weight  of 
t h e  c a r b o n a t e  mix ture )  was added t o  reduce  opera-  
t i n g  t empera tu re ,  t o  reduce  chemrcal a t t a c k ,  and 
t o  i n c r e a s e  a c t i v a t i o n .  However, some ca thodes  
(-1 i n  10)  never  e m t t e d .  
A  v a r i a t i o n  of t h e  b rush  ca thode  i s  t h e  i n -  
d i r e c t  h e a t e d  cathode (F ig .  6 ) .  Th i s  ca thode  was 
i n v e s t i g a t e d  because  it was des igned  t o  p r o t e c t  
t h e  cathode h e a t e r  element from ion-bombardment 
and p rov ide  a  uniform h e a t i n g  s u r f a c e .  The h e a t e r  
was c o i l e d  around a  th readed  rod and i n s e r t e d  i n t o  
an i n s u l a t e d  tube .  Th is  s e c t i o n  was p laced  i n s i d e  
a  swaged tan ta lmn tube .  A  0.45-cent imeter  t a n t a -  
lum t u b e  suppor ted  t h e  assembly.  A  0.5 c e n t i m e t e r  
d iamete r  t an ta lum brush  was wrapped around t h e  
t an ta lum t u b e ,  and a n  ox ide  c o a t i n g  was added. 
S i m i l a r  r e s u l t s  were o b t a i n e d  wi th  t h i s  cathode a s  
w i t h  t h e  b rush  ca thode  i n c l u d r n g  s u r f a c e  d e t e r i o r -  
a t i o n .  Also ,  t h e r e  was a  g r a d u a l  i n c r e a s e  i n  spe- 
c i f i c  h e a t i n g  power u n t i l  t h e  cathode h e a t e r  
f a i l e d .  
Oxide Magazine 
At t h i s  s t a g e  of development it was specu la -  
t e d  t h a t  i n  o r d e r  t o  a c h i e v e  long  ca thode  l i f e  a  
l a r g e  quant iCy of emiss ive  m a t e r i a l  must be  p res -  
e n t  w i t h  minimal  h e a t e r  coverage.  One s o l u t i o n  
was t h e  ox ide  magazine cathode17 of  f i g u r e  7. 
Th is  ca thode  was composed of  a  s c r e e n  h e a t e r  e l e -  
ment a t  one end of a  tube  c o n t a i n i n g  barium c a r -  
b o n a t e .  A s p r i n g  loaded  p i s t o n  was l o c a t e d  a t  t h e  
o t h e r  end and enab led  t h e  ox ide  t o  be  i n  c o n t a c t  
w i t h  t h e  h e a t e r  a t  a l l  t imes .  A l i f e t i m e  of 4179 
hours  was ach ieved  w i t h  one ca thode  a t  a  s p e c i f i c  
h e a t i n g  power of  22.7 w/A." Although t h e  ox ide  
magazine ca thode  had t h e  l o n g e s t  t e s t e d  l i f e t i m e  
and was t h e  o r i g i n a l  c o n f i g u r a t i o n  cons idered  f o r  
SERT 11 f l i g h t  t e s t , l 8  i t  d i d  have disadvan- 
t a g e s  .I9 Exposure t o  a i r  caused chemical  d e a c t i v -  
a t i o n  of t h e  o x i d e ,  and it could n o t  be  p r e f l i g h t  
t e s t e d  i n  f l i g h t  q u a l i f i e d  systems.  (This  r e -  
s t r i c t i o n  i s  t r r i c  f o r  a l l  p r e v i o u s l y  mentioned 
o x i d e  c o a t i n g s . )  While t h e  s p e c i f i c  h e a t i n g  power 
was low enough f o r  f l i g h t  o p e r a t i o n  (8-12% of 
t o t a l  t h r u s t e r  power) ,  t h e  power I zqu l red  sy rthe 
hollow ca thode  was lower.  
tlesh S p i r a l  (Flower) Cathode 
Work a t  Hughes Research Labora to ry  supp le -  
mented t h e  ca thode  s t u d i e s  a t  Lewis Research.  
One c o n f i g u r a t i o n ,  t h e  f lower  ca thode ,  20  i s  s11own 
i n  f i g u r e  8. A t an ta lum w i r e  mesh composed of 
0.0228 cm diam w i r e s  woven i n  a  20x20 p e r  cm mesh 
was c u t  i n t o  s t r i p s  approx imate ly  1 . 3  cm by 35.6 
cm. It was fo lded  i n t o  a  compact volume and 
p laced  i n  a  c y l i n d r i c a l  s e c t i o n  3.18 cm i n  diam- 
e t e r .  The mesh was o x i d e  coa ted .  Th is  des ign  
provided a  l a r g e  s u r f a c e  a r e a  f o r  e l e c t r o n  emis- 
s i o n  and a  s m a l l  a r e a  ( t h e  edge of t h e  mash) f o r  
i o n  s p u t t e r i n g .  P e n e t r a t i o n  of t h e  plasma i n t o  
t h e  f o l d s  of t h e  cathode is reduced, .  T h i s  l e s s -  
ens  t h e  e f f e c t  of i o n  s p u t t e r i n g  ~ s n  t h e  m a j o r i t y  
of  t h e  ca thode  s u r f a c e .  The largt? s u r f a c e  a r e a  
a l s o  ensured  a  t h i n  ox ide  c o a t i n g  which minimizes 
o r  e l i m i n a t e s  h o t  s p o t s ,  one of t h e  major  causes  
of th ick-ox ide  l a y e r  ca thode  f a i l u r e s .  The r e -  
s u l t s  of d u r a b i l i t y  t e s t s  showed t h a t  t h i s  con- 
f i g u r a t i o n  could o p e r a t e  f o r  a t  l e a s t  1000 hours  
a t  a  s p e c i f i c  h e a t i n g  power of l e s s  tha!? 110 iJ/P.. 
I n a c t i v a t i o n  of t h e  c o a t i n g  could cause  1.ocal 
o v e r h e a t i n g  and ca thode  f a i l u r e .  I n a b i l i t y  t o  
p r e f l i g h t  t e s t  t h e  ca thode  was ano ther  Limita-  
t i o n .  
The s p e c i f i c  h e a t i n g  powers of  t h e  v a r i o u s  
r e f r a c t o r y  m e t a l  and ox ide  ca thodes  a r e  compared 
i n  f i g u r e  9 .  S p e c i f i c  ca thode  h e a t e r  power d a t a  
from s e v e r a l  r e f e r e n c e s  a r e  shown a s  f u n c t i o n s  of 
s p e c i f i c  ca thode  emiss ion  c u r r e n t .  These param- 
e t e r s  a r e  t h e  power and emiss ion  c u r r e n t  v a l u e s  
f o r  each c o n f i g u r a t i o n  d i v i d e d  by t h e  cathode s u r -  
f a c e  a r e a .  Except f o r  t h e  t an ta lum w i r e  and r i b -  
bon d a t a  and t h e  ox ide  magazine cathode d a t a  be- 
low 0 .4  ~ / c r n ~ ,  a l l  p o i n t s  f a l l  below t h e  40 W/A 
SERT I1 s p e c i f i c a t i o n s .  It shou ld  be  nozed t h a t  
t h e  o r d i n a t e  s c a l e  has  been broken t o  incl.ude a l l  
d a t a .  It was n o t  p o s s i b l e  t o  f i n d  d a t a  t h a t  cor-  
r e l a t e d  s p e c i f i c  h e a t i n g  power f o r  a l l  zypes of 
ca thodes  t o  e x a c t  o p e r a t i n g  c o n d i t i o n s  ( t h r u s t e r  
s i z e ,  p r o p e l l a n t  u t i l i z a t i o n  e f f i c i e n c y ,  neu t ra l .  
mercury f low r a t e ,  e t c . ) .  However, t h e  r e l a t i v e  
l e v e l s  of s p e c i f i c  ca thode  h e a t e r  power g i v e  an 
i n d i c a t i o n  of t h e  m e r i t  of each c o n f i g u r a t i o n .  
L iqu id  Mercury Cath~dod 
Another s e t  of t e s t s  conducted a; Ilughes Rc- 
s e a r c h  used a  li u i d  mercury pool  a s  an el .ecrron 
emiss ion  s o u r c e . g l , 2 2  F igure  1 0  i l l u s t r a t e s  the 
b a s i c  d e s i g n  of t h e  ca thode .  Mercury is f o r c e  
f e d  i n t o  a n  annu la r  r e s e r v o i r  s t r u c t u r e  f a b r i c a t e d  
of molybdenum. Cohesive f o r c e s  keep che mercury 
p o o l  i n t a c t .  The l i q u i d  m e t a l  l e v e l  i n  t h e  d i v e r -  
gen t  n o z z l e ,  pool-keeping s t r u c t u r e  i s  s t a b i l i z e d  
by keeping t h e  r a t e  a t  which mercury i s  pumped 
i n t o  t h e  ca thode  e q u a l  t o  t h e  r a t e  of mercury 
e v a p o r a t i o n .  The a n n u l a r  gap must be main ta ined  
between 2  and 12 u ,  which proved t o  be a f a b r i c a -  
t i o n  problem. A h igh  v o l t a g e  p u l s i n g  power supply 
(-30 kV) wi th  n e g l i g i b l e  power c a p a c i t y  I s  neces- 
s a r y  t o  o b t a i n  t h e  i n i t i a l  a i s c h a r g e .  'rne e l e c -  
t r o n s  a r e  e m i t t e d  from a r c  s p o t s  on t h e  l i q u i d  
s u r f a c e ,  and t h e  n e u t r a l  atoms a r e  evapora ted  due 
t o  absorbed d i s c h a r g e  power. Th is  ca thode  des ign  
r e q u i r e s  no h e a t e r  power whi le  o p e r a t i n g ,  nor  does 
it need any v a p o r i z e r  power. However, an e l e c t r o -  
magne t ic  feed  pump u s e s  t h e  same power l e v e l  a s  a  
conven t iona l  v a p o r i z e r .  T e s t  r e s u l t s  show t h a t  a  
low s p e c i f i c  h e a t i n g  power is  p o s s i b l e  (10 WIA) 
and l i f e t i m e s  i n  excess  of  3000 hours  have been 
achieved.  Th is  ca thode  can be p r e f l i g h t  t e s t e d ,  
which is  a  d e s i r a b l e  f e a t u r e .  
Hollow Cathode 
The development of a  hol low ca thode  configu-  
r a t i o n  had proceeded t o  t h e  p o i n t  where i t  war- 
r a n t e d  c o n s i d e r a t i o n  f o r  t h e  SERT I1 program.19923 
It had l i f e t i m e  t e s t s  i n  excess  of 10,000 hours  
and a  s p e c i f i c  h e a t i n g  power normally much below 
40 W/A ( t h e  SERT I1 des ign  s p e c i f i c a t i o n ) .  I t  
f i n a l l y  became t h e  f l i g h t  v e r s i o n  ca thode .18  An 
exper imenta l  hol low ca thode  used f o r  bo th  t h e  
SERT I1 (15-cm) and 5-cm t h r u s t e r s  i s  shown i n  
f i g u r e  11. The main components of t h e  hol low 
ca thode  assembly a r e  a  0.32-cm diam tan ta lum t u b e ,  
a  0 . 1  cm t h i c k ,  2  p e r c e n t  t h o r i a t e d  t u n g s t e n  d i s k  
e l e c t r o n  beam welded t o  t h e  t u b e ,  a  tungs ten-  
rhenium h e a t e r  c o i l ,  a  c o a t i n g  of aluminum ox ide  . 
f o r  i n s u l a t i o n ,  and 1 0  o r  more wraps of 0.001 cm 
t h i c k  t an ta lum f o i l  f o r  h e a t  s h i e l d i n g .  The tung- 
s t e n  d i s k  had a  t a p e r e d  o r i f i c e  w i t h  a  0.02-cm 
diam upstream and 0.03-cm diam downstream. An in-  
s e r t  made of  0.001 cm t h i c k  t an ta lum f o i l  i s  
coa ted  w i t h  a  commercial m i x t u r e  c o n t a i n i n g  barium 
carbona te  t o  f a c i l i t a t e  s t a r t s ,  r o l l e d  i n t o  a  c o i l ,  
and i n s t a l l e d  w i t h i n  t h e  tub ing .  The f o i l  i s  ap- 
p rox imate ly  1 0  cm long  and 1 . 8  cm wide.  A  s t r i p  
2.5 un by 0.16 cm is  c u t  from t h e  f o i l  t o  p rov ide  
a n  open c a v i t y  i n  t h e  v i c i n i t y  of  t h e  o r i f i c e .  To 
f a c i l i t a t e  i n i t i a l  s t a r t u p s  by p rov id ing  a  s u f f i -  
c i e n t l y  h igh  e l e c t r i c a l  g r a d i e n t ,  a  loop  of 0.15- 
cm diam tan ta lum w i r e  w i t h  a  nominal i n s i d e  diam- 
e t e r  of 0 .63 cm was p laced  approximately 0.15 cm 
downstream of  t h e  t i p .  Th i s  e l e c t r o d e  is c a l l e d  
t h e  keeper .  A more d e t a i l e d  d e s c r i p t i o n  of t h e  
SERT I1 ca thode  can be  found i n  r e f e r e n c e  24. A  
s i m i l a r  ca thode  des igned  f o r  t h e  30-cm t h r u s t e r  
h a s  been developed t o  g i v e  e f f i c i e n t  perform- 
A l a r g e r  ca thode  t u b e  d iamete r ,  0.64 cm 
a s  compared t o  0.32 cm f o r  t h e  5- and 15-cm 
t h r u s t e r s ,  i s  n e c e s s a r y  f o r  t h e  30 cm t h r u s t e r  
emiss ion  requ i rements  and l o n g  l i f e t i m e .  It was 
e x p e r i m e n t a l l y  de te rmined  t h a t  a  workable o r i f i c e  
s i z e  shou ld  be between 0.08-cm t o  0.160-cm diam- 
e t e r .  The s p a c i n g  between t h e  keeper  and t i p  i s  
0 . 2  cm. 
A second hol low ca thode  c o n f i g u r a t i o n  h a s  
a l s o  been t e s t e d .  It i s  c a l l e d  t h e  enc losed  
keeper  ca thode .  The d i f r e r e n c e  between t h e  open 
and enc losed  keeper  c o n f i g u r a t i o n  i s  t h a t  t h e  en- 
c l o s e d  des ign  h a s  a  ceramic t u b e  connec t ing  t h e  
keeper  and ca thode  ( F i g .  1 2 ) .  A  0.025 cm tan ta lum 
d i s k  i s  used a s  t h e  keeper  cap.  The enc losed  
keeper  ca thode  reduces  r a d i a t e d  h e a t  l o s s e s  and 
p r o v i d e s  p o s i t i v e  s p a c i n g  and a l inement  .25 I t  
a l s o  ex tends  t h e  range  of  s t a b l e  o p e r a t i o n  t o  low 
p r o p e l l a n t  f low r a t e s  (down t o  -2 mA n e u t r a l  f low) .  
The advan tages  t h a t  t h e  hol low ca thode  has  
over  p rev ious  ox ide  and r e f r a c t o r y  meta l  ca thode  
des igns  a r e  i ts  a b i l i t y  t o  be r e t e s t e d  a f t e r  ex- 
posure  t o  a i r ,  t h e  a b i l i t y  t o  be ground t e s t e d  be- 
f o r e  l aunch ,  and a  h e a t i n g  requirement  of on ly  2% 
of t o t a l  power consumption (SERT 11: 15 W t i p  
h e a t e r  and 30 W t o t a l  f o r  i s o l a t o r ,  k e e p e r ,  and 
t i p  power) . I 7  The cor responding  s p e c i f i c  h e a t i n g  
power i s  1 5  W/A. (The 30-cm and 5-cm t h r u s t e r  
hol low ca thode  have o p e r a t e d  a t  l e s s  chan 1 0  W/A 
and about  40 W/A, r e s p e c t i v e l y . )  These ad-van- 
t a g e s  outweigh t h e  f a c t  t h a t  a  keeper  e l e c t r o d e  
t o  a i d  i n  s t a r t i n g  and a  b a f f l e  t o  c o n t r o l  dis- 
charge v o l t a g e  had t o  b e  developed.  (With mer- 
cury  a s  a  p r o p e l l a n t ,  t h e  hol low cathode normally 
o p e r a t e s  a t  about  10-15 v o l t s .  The b a f f l e  r e -  
duces t h e  coup l ing  between t h e  ca thode  and t h e  
h i g h e r  d i s c h a r g e  v o l t a g e  of 30-40 v o l t s . )  A r e -  
designed f e e d  system t o  i n t r o d u c e  p r o p e l l a n t  
through t h e  ca thode  a s  w e l l  a s  i n t o  t h e  d i s c h a r g e  
chamber is  r e q u i r e d  w i t h  t h e  hol low ca thode  b u t  
can be r e a d i l y  accomplished.  
I n  f l i g h t  t h e  hol low ca thode  has  proven t o  
b e  a  r e l i a b l e  e l e c t r o n  e m i t t e r  by :.ts performance 
dur ing  t h e  SERT 11 m i s s i o n .  No ca thode  problems 
were encounte red  d u r i n g  s t a r t u p s  o r  o 3 e r a t i o n  of  
t h e  SERT I1 t h r u s t e r .  
Opera t ing  Procedure 
Mercury vapor  i s  f e d  t o  t h e  ca thode  by means 
of  a  0.147 cm t h i c k  porous t u n g s t e n  p lug  welded t o  
t h e  f e e d  tube .  The b u l k  d e n s i t y  of  t h e  p lug  is  
70% of t h a t  of s o l i d  t u n g s t e n  and t h e  average  pore 
d iamete r  i s  5  u. A swaged tan ta lum h e a t e r  e lement  
i s  brazed t o  t h e  v a p o r i z e r  tub ing .  N e u t r a l  f low 
is  c o n t r o l l e d  by v a r y i n g  t h e  h e a t e r  power, Typi- 
c a l  5-cm t h r u s t e r  v a p o r i z e r  t empera tu re  as a e a s -  
u red  by a  thermocouple is 5730 K (40 mA equiva-  
l e n t  f low) . 26 
A h e a t e r  l o c a t e d  a t  t h e  t i p  of t h e  ca thode  
(F igs .  11 and 12)  p r e v e n t s  mercury condensa t ion  I n  
t h i s  a r e a  and p r o v i d e s  t h e  s u r f a c e  t empera tu res  
(approximately 1200° K) r e q u i r e d  t o  decompose t h e  
barium carbona te  l o c a t e d  on t h e  i n s e r t  i n r o  f r e e  
barium. The barium p r o v i d e s  a  minimarl of  103 PA 
of the rmion ic  emission.  
A p o s i t i v e  p o t e n t i a l  of s e v e r a l  hunored v o l t s  
on t h e  keeper  i s  necessa ry  t o  i n i t i a t e  t h e  hol low 
ca thode  d i s c h a r g e .  Once t h e  d i s c h a r g e  has  s t a r t e d  
t h e  v o l t a g e  i s  lowered t o  about  1 5  v o l t s  f o r  
s t e a d y  s t a t e  o p e r a t i o n .  
For t h e  hol low ca thode  t h r e e  b a s i c  r e q u i r e -  
nients f o r  i n i t i a t i n g  a  d i s c h a r g e  must be p res -  
e n t .  27 There must be s u f f i c i e n t  t h e r n ~ i o n i c  e l e c -  
t r o n  emiss ion ,  s u f f i c i e n t  n e u t r a l  mercury d e n s i t y ,  
and s u f f i c i e n t  a c c e l e r a t i n g  p o t e n t i a l  For t h e  
the rmion ic  e l e c t r o n s .  The s t a r t i n g  p rocedure  de- 
s c r i b e d  above f u l f i l l s  t h e s e  requ i rements .  
C y c l i c  S t a r t s  
As p r e v i o u s l y  mentioned,  t h e  5-cm t h r u s t e r  i s  
p o t e n t i a l l y  a p p l i c a b l e  f o r  s a t e l l i t e  s t a t i o n  keep- 
i n g  and a t t i t u d e  c o n t r o l .  For  such a  miss ion  i t  
w i l l  be  necessa ry  t o  s t a r t  and s t o p  t h e  t h r u s t e r s  
a t  l e a s t  once every 24-hour duty-cycle  p e r i o d .  
The t h r u s t e r s  w i l l  o p e r a t e  f o r  25 p e r c e n t  t o  80 
p e r c e n t  of  t h e  c y c l e  pe r iod  (24 l i r ) .  I t  i s ,  
t h e r e f o r e ,  necessa ry  t o  de te rmine  whether t h e  
ca thode  can cyc le  f o r  many sequences (-4000 f o r  10 
y e a r  miss ion) .  A  r e l i a b l e  s t a r t i n g  p rocedure  i s  
a l s o  e s s e n t i a l .  A  program was undertaken t o  dem- 
o n s t r a t e  long c y c l i c  l i f e t i m e  and de te rmine  a  con- 
s i s t e n t  s t a r t i n g  sequence f o r  bo th  t h e  open and 
t h e  enc losed  hol low ca thodes .  
The exper imenta l  s e t u p  is e x a c t l y  l i k e  t h e  
b e l l  j a r  t e s t  of  r e f e r e n c e  27.  A  50 cm d iamete r  
by 50 cm long  c y l i n d r i c a l  b e l l  j a r  which main ta in -  
ed a  p r e s s u r e  of 5 x 1 0 ~  t o r r  o r  lower was used.  A  
2.54 cm x  3.91 cm t u n g s t e n  s c r e e n  was used a s  a  
s imula ted  anode. The anode ( c o l l e c t o r )  could be  
moved l o n g i t u d i n a l l y  w i t h  r e s p e c t  t o  t h e  cathode.  
A  p o t e n t i a l  of  40 v o l t s  was main ta ined  on t h e  
anode f o r  a l l  t e s t s .  The on ly  v a r i a t i o n  i n  t e s t -  
i n g  compared t o  t h a t  of r e f e r e n c e  27 was t h a t  a n  
au tomat ic  t i m e r  c o n t r o l l e r  was used  t o  s t a r t  and 
s t o p  t h e  v a r i o u s  power s u p p l i e s  d u r i n g  c y c l i c  
o p e r a t i o n .  (Table I1 g i v e s  t h e  component power 
supp ly  c a p a c i t i e s . )  Mercury was s u p p l i e d  from a  
20 m i l l i m e t e r  d i a m e t e r ,  p r e c i s i o n - b o r e ,  c a l i b r a -  
t e d  g l a s s  tube .  The n e u t r a l  f low r a t e  was d e t e r -  
mined by t a k i n g  p e r i o d i c  mercury l e v e l  r e a d i n g s .  
The optimum c y c l i c  sequence f o r  bo th  ca thodes  is  
shown i n  f i g u r e  13.  The c y c l e  c o n s i s t s  of t u r n i n g  
on  t h e  v a p o r i z e r  and cathode t i p  h e a t e r  a t  t ime 
ze ro .  A d e l a y  of  3.5 t o  1 0  minu tes ,  depending on 
keeper  h o l e  s i z e  and v a p o r i z e r  s i z e ,  was necessa ry  
t o  a l low ca thode  and v a p o r i z e r  t o  reach  t h e  r e -  
q u i r e d  c o n d i t i o n s ,  e .  g . ,  t i p  t empera tu re  of  
1200' K and nominal f low of 45 mA. When t h e  
keeper  e l e c t r o d e  was a c t i v a t e d ,  a  n e a r - i n s t a n t  
d i s c h a r g e  was o b t a i n e d  (10-18 msec d e l a y ) .  Osc i l -  
loscope  photographs of  t h e  s t a r t i n g  v o l t a g e  s u r g e  
showed t h a t  t h e  r e q u i r e d  p o t e n t i a l  v a r i e d  from 190 
t o  600 v o l t s .  A f t e r  a  d i s c h a r g e  s t a r t e d ,  t h e  
keeper  v o l t a g e  was reduced t o  1 0  - 20 v o l t s  (auto-  
m a t i c a l l y  by means of a  b a l l a s t  r e s i s t o r ) ,  and t h e  
ca thode  t i p  power was t u r n e d  o f f .  The ca thode  r a n  
i n  t h i s  mode f o r  7  minu tes .  At t h e  end of  t h e  r u n ,  
t h e  v a p o r i z e r  and keeper  power s u p p l i e d  were 
t u r n e d  o f f .  A  cooldown p e r i o d  of  1 5  minu tes  f o l -  
lowed t h e  shutdown. 
One ca thode  has  been t e s t e d  f o r  1476 c y c l e s  
and a n o t h e r  f o r  321 c y c l e s  u s i n g  t h i s  optimum se -  
quence w i t h  no apparen t  d e g r a d a t i o n  of performance.  
The former ca thode  was a c t u a l l y  o p e r a t e d  f o r  a  
t o t a l  of 3200 c y c l e s ;  t h e  f i r s t  1724 c y c l e s  be ing  
conducted w i t h  non-op thum sequences.  
The b e l l  j a r  was opened a  number of t imes t o  
i n s p e c t  t h e  ca thode .  For  t h e  convenience of keep- 
i n g  a l l  power s e t t i n g s  and t i m e r s  c o n s t a n t ,  a  com- 
m e r c i a l  ox ide  mix ture  was p u t  on t h e  o u t s i d e  s u r -  
f a c e  of t h e  ca thode  t i p .  Th i s  c o a t i n g  assured  
s t a r t i n g  w i t h i n  t h e  10-minute warmup p e r i o d ,  of 
t h e  f i r s t  c y c l e  a f t e r  exposure  t o  a i r .  It i s  f e l t  
t o  be  unimportant  a f t e r  s e v e r a l  hours  of running.  
T e s t s  a r e  b e i n g  conducted t o  de te rmine  t h e  e x a c t  
mechanism t h a t  causes  de layed  s t a r t s  and sometimes 
n o n - s t a r t s  a f t e r  exposure t o  a i r .  Th i s  problem 
can  be  overcome a t  l e a s t  t e m p o r a r i l y  by i n c r e a s i n g  
t h e  t i p  t empera tu re  and a l lowing  a  l o n g e r  warmup 
Diagnos t i cs  
Although t h e  Kaufman Ion t h r u s t e r  has  dcvel-  
oped i n t o  an e f f i c i e n t  sys tem,  t h e  e x a c t  phys lcs  
of t h r u s t e r  o p e r a t i o n  a r e  n o t  f u l l y  understc>od. 
The o p e r a t i o n  of t h e  hol low cathode 1 s  a l s o  vague. 
The e x t e r n a l  d i s c h a r g e  plasma from a SERT I T  t ype  
hol low ca thode  was ~ t u d l e d ~ ~  and e l e c t r o n  tempera- 
t u r e  and d e n s i t y  p r o f l l e s  o b t a i n e d .  A c y l r n d r r c a l  
Langmuir p robe  was used t o  a n a l y z e  t h e  drscl lnrge.  
The c h a r a c t e r i s t i c s  of a  s p o t  mode ( r e f .  29)  and 
plume mode o p e r a t i o n  were o b t a i n e d .  The s p o t  mode 
corresponds t o  a  h igh  c u r r e n t  and low v o l t a g e  con- 
d i t i o n .  (Typica l  v a l u e s  f o r  t h e  5 c r  aramerer  
hol low ca thode  a r e  0.2 A and 1 5  V ,  r e s p e c t r v e l y . )  
The plume mode h a s  a  low c u r r e n t  (0 .1  A) and a  
h igh  v o l t a g e  (50 V )  c h a r a c t e r i s t i c .  The method by 
which probe t r a c e s  a r e  used t o  c a l c u l a t e  e l e c t r o n  
d e n s i t y ,  plasma p o t e n t i a l  and e l e c t r o n  t empera tu re  
is  g iven  i n  t h e  appendix of  r e f e r e n c e  28. li1- 
though t h i s  r e f e r e n c e  h a s  d e s c r r b e d  some a s p e c t s  
of a  t h e o r e t i c a l  model, a  s a t i s f a c t o r y  model which 
d e s c r i b e s  t h e  e l e c t r o n  emiss ion  mechanrsm, t h e  
f low and s p a t i a l  d i s t r i b u t i o n  of e l e c t r o n s ,  Lons, 
and n e u t r a l s ,  t h e  form o f  t h e  p o t e n t r a l  g r a d i e n t s ,  
and i o n  d i s t r i b u t i o n  i n  t h e  d i s c h a r g e  has  y e t  t o  be  
developed.  
Conclusion 
A v a r i e t y  of ca thode  d e s i g n s  have been used 
f o r  t h e  e l e c t r o n  bombardment i o n  t h r u s t e r .  'The 
d i f f e r e n t  t y p e s  range  from t h e  e a r l y  r e f r a c t o r y  
m e t a l  type  t o  t h e  p r e s e n t l y  used hol low ca thodes .  
The s e a r c h  f o r  a  r e l i a b l e  f l i g h t  ca thode  has  
y i e l d e d  many o t h e r  ca thode  c o n f i g u r a t i o n s  t h a t  can 
be  e a s i l y  made and have moderate  l i f e t i m e s .  How- 
e v e r ,  t h e  hol low ca thode  h a s  proven t o  be t h e  b e s t  
d e s i g n  t o  d a t e  f o r  e l e c t r i c  p r o p u l s i o n  a p p l r c a t i o n .  
Empi r ica l ly  developed c o n f i g u r a t i o n s  have o\rercome 
a l l  of t h e  problems encounte red  t o  d a t e  wrrhout  i n -  
d i c a t i n g  a  fundamental  l i m i t  t o  t h e  concep t .  
The hol low ca thode  is  capab le  of long  1rEe- 
t i m e s ,  r e l i a b l e  c y c l i c  s t a r t s ,  and low power r e -  
qu i rements  f o r  o p e r a t i o n .  N e v e r t h e l e s s ,  a  d e t a i l e d  
a n a l y s i s  of t h e  o p e r a t i o n  of t h e  hol low ca thode  
h a s  n o t  y e t  been ach ieved .  
TABLE I 
RANGE OF EMISSION CURRENT REQUIREMENTS 
FOR 5-, 15-, AND 30-CM TIIRUSTERS 
T h r u s t e r  
s i z e ,  
cm 
5  
1 5  
30 
Range of 
Emission C u r r e n t ,  
A i 
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Figure 1. - Cutaway sketch of Kaufman ion thruster. 
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EXTRA MATERIAL FOR CLAMPING INTO LEADS 
F i g u r e  2. - Ribbon f i l ament  geometry and  locat ion in thruster. 
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Figure 3. - Oxided-impregnated nickel-matrix cathodes. 
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F igure  4. - Th ick  oxide layer cathode. 
STEP 4 (TOP ViEVili 
Figure 5. - Tantalum b r u s h  cathode half-coated w i t h  commercial  ( 
carbonate mixture.  





Figure 6. - Ind i rec t  heat ing cathode. 
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F igure  7. - Typical oxide-magazine cathode. 

Figure 10. - A n n u l a r  l iqu id  metal cathode with porous 
tungsten flow impedance. 
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Figure 11. - Open keeper cathode construction. 
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Figure 12. - Enclosed hol low cathode conf igurat ion.  
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Figure 13. - Opt imum cycl ic sequence. 
